compartmentalization of signal transduction is necessary for Saccharomyces cerevisiae to respond accordingly to a pheromone stimulus (Feng et al., 1998; Whiteway et al., 1995) .
The use of scaffold proteins is also common in the MAPK cascades of higher eukaryotes. In the ERK pathway, KSR (Kinase suppressor of Ras) and MP1 (MEK1 partner) serve as scaffold proteins to regulate signal transduction. KSR mediates the interaction between Raf and MEK (Muller et al., 2001 ; Roy et al., 2002; Roy and Therrien, 2002). MP1 specifically binds to MEK1, but not to MEK2, and thereby facilitates the activation of extracellular signal regulated kinase 1 (ERK1) (Schaeffer et al., 1998) . The existence of adaptor proteins that control the localization of KSR or MP1 would additionally provide flexibility in regulating the efficiency and the specificity of the MAPK cascade (Schaeffer et al., 1998; Schaeffer and Weber, 1999) . Recently, it has been demonstrated that C-TAK1 regulates the localization of KSR in response to EGF stimulation (Muller et al., 2001) .
In a previous report, we have identified a highly conserved protein of 14 kDa copurifying with late endosomes/lysosomes on density gradients. We found that this protein, termed p14, is peripherally associated with the cytoplasmic face of late endosomes. Additionally, we have shown that p14 interacts with MP1 on late endosomes in a variety of different cell types (Wunderlich et al., 2001 ). Now, we show that p14 and MP1 are crucial for efficient EGF-induced signaling in the ERK pathway. p14 is required and sufficient for the localization of MP1 to late endosomes. Thus, p14 acts as an endosomal adaptor protein for MP1. Furthermore, our data suggest that the endosomal localization of the p14/MP1-MAPK scaffold complex is required for efficient signaling in the ERK cascade. nuclear down-stream target of activated ERK1/2 (Whitmarsh et al., 1995). Therefore, we transiently overexpressed increasing amounts of p14 in a stable Elk-1 p14 and MP1 Are Both Required driven luciferase reporter cell line. Increasing amounts for ERK1/2 Signaling of ectopic p14 significantly enhanced the EGF-induced If p14 is crucial for EGF-induced MAP kinase signaling, MAP kinase activity, in a concentration-dependent mandepletion of endogenous p14 protein levels should afner ( Figure 1B ). High levels of p14 expression caused a fect EGF-induced MAP kinase activity. To address this significant enhancement not only of the ERK1/2 activaquestion we used the siRNAi technique to reduce the tion ( Figure 1A ), but also of the ERK1/2 activity toward amounts of endogenous p14 protein (Elbashir et al., the downstream effector Elk1 ( Figure 1B) . Expression 2001). Two p14 siRNAs oligonucleotides (p14 siRNA1 of green fluorescent protein (GFP) had no effect on MAP and p14 siRNA2), complementary to two different rekinase signaling (data not shown). We concluded that gions of the human p14 mRNA, were used to reduce p14 has the potential to enhance EGF-induced MAPK endogenous p14 protein levels in Hela cells. Upon transfection, p14 siRNA2 strongly decreased the amounts signaling. of the endogenous p14 protein to less than 20% as So far it has not been shown that MP1 is required for the activation of ERK1 in cells. Therefore, we next compared to control treated cells, whereas p14 siRNA1 was always less efficient ( Figure 2A ). Neither the protein examined the effect of MP1 depletion on EGF-induced MAPK signaling. Efficient reduction of MP1 by MP1 levels of MEK1 and ERK1/2 nor MP1 were affected by the siRNAi treatment (Figure 2A ). We next examined siRNAi did not affect the protein levels of endogenous MEK1/2 and ERK1/2 ( Figure 2D ), but reduced p14 prothe effect of the p14 reduction on EGF-induced MAPK signaling ( Figure 2B ). After differential reduction of p14 tein levels. The EGF-induced activation of endogenous MEK1/2 and also of endogenous ERK1/2 was decreased protein levels by p14 siRNA1 and p14 siRNA2, EGFinduced activation of endogenous ERK1/2 decreased after reduction of MP1 protein levels. Interestingly, the activation of ERK1 seemed to be more defective than in a p14 concentration-dependent manner ( Figure 2B Figure 2C, lane 4) . To test whether loaded). Endogenous ERK1/2 was not detected in the immunoprecipitate (data not shown). reduction of p14 specifically affects the ERK cascade, we also tested the activation of the stress MAPK p38.
Results
To investigate how and in which order the complex components bind to each other, we performed complex Intriguingly, reduction of p14 protein levels did not significantly affect the phosphorylation of p38 ( Figure 2B) . reconstitution experiments from Hela cell lysates in vitro. on the membranes of the late endosome. Therefore, Reduction of endogenous p14 did not affect the GFP-MP1 ( Figure 6C ) protein levels but resulted in transwe next asked whether reduction of p14 protein levels would affect the localization of MP1. For this purpose, location of GFP-MP1 from late endosomes into the cytoplasm ( Figure 6B ). Whereas GFP-MP1 localized to we used GFP-MP1 to study the subcellular distribution of MP1 following the reduction of p14 by p14 siRNAi. perinuclear late endosomes in 75% (n ϭ 300) of the control treated cells, it was mislocalized into the cyto-GFP-MP1 colocalized ( Figure 6A, upper panel) and coimmunoprecipitated (Supplemental Data available at plasm in 72% (n ϭ 300) of p14 siRNA2 treated cells ( Figure 6C ). The Xpress tagged mouse p14 (Xp14) could http://www.developmentalcell.com/cgi/content/full/3/ 6/803/DC1) with Xp14. In addition, Xp14caax recruited not be targeted by siRNAi because it differs in the cDNA sequence from the human p14 ( Figure 6C ). Coexpres-GFP-MP1 to the plasma membrane ( Figure 6A, lower  panel) . Thus, GFP-MP1 resembled the endogenous MP1 sion of Xp14 had no effect on the localization of GFP-MP1 ( Figures 6B and 6C) . However, coexpression of protein with respect to its localization and its interaction with p14.
Xp14 suppressed the translocation of GFP-MP1 to the LAMP1 ( Figures 6D and 6E ). Although reduction of p14 protein levels caused translocation of GFP-MP1 from late endosomes into the cytoplasm, the overall organization of the endosomal compartment was not disturbed, as shown by the regular subcellular distribution of LAMP1 and EEA1 in control and p14 siRNA2 treated cells. Reduction of p14 did not alter the levels of GFP-MP1 or the levels of endosomal marker proteins like EEA1 and LAMP1 ( Figure 6F ), indicating that the endosomal compartment remained intact. Together these data strongly suggest that p14 is required and sufficient to localize MP1 to late endosomes. (Figures 6B and 6C) .
Our data show that p14 acts as an adaptor protein that is required and sufficient to localize the MP1-MAPKIn control treated cells, GFP-MP1 did not colocalize with the early endosomal marker EEA1, but showed the signaling module to late endosomes. The late endosomal localization of the p14/MP1-MAPK complex is correct colocalization with the late endosomal marker colocalized with endogenous activated ERK1/2 in a of MP1 and a decrease in the activation of MEK1/2, ERK1, and ERK2. Intriguingly, the activation of the stress dynamic manner on endosomes. Upon EGF stimulation, ERK1/2 was first activated at the plasma membrane. MAPK p38 was not affected. Futhermore, we showed that MP1 was also critical for the activation of MEK1/2, Next, the ERK1/2 appeared to be activated on endosomes by the internalized EGFR. Subsequently acti-ERK1, and ERK2. These findings appear to be in contrast to the finding that MP1 promotes signaling from MEK1 vated ERK1/2 colocalized with p14 and MP1 on endosomes. Importantly, activated ERK1/2 was found on to ERK1 but not to ERK2 (Schaeffer et al., 1998) 
